Background-High-sensitivity C-reactive protein (CRP) is an inflammatory marker that predicts coronary heart disease (CHD) and, in recent studies, incident heart failure (HF). Whether the association of inflammation with incident HF is explained by worse baseline left ventricular dysfunction or by underlying CHD is unknown.
Introduction
High-sensitivity C-reactive protein (CRP), produced by the liver in response to an inflammatory stimulus, is a risk factor for incident myocardial infarction [1] [2] [3] [4] and portends a poor prognosis in patients with established coronary heart disease (CHD) [5] [6] [7] [8] . More recently, CRP has also emerged as a risk factor for heart failure (HF). In a prospective cohort study of 6437 Dutch outpatients, CRP was found to predict incident HF in men, even after adjustment for traditional cardiovascular risk factors and comorbid CHD [9] . In an elderly population without prior myocardial infarction (MI) or HF, inflammatory markers including CRP were associated with incident HF [10] .
Additionally, CRP predicts morbidity and mortality in patients with established HF [11] [12] [13] and progression of HF in patients after myocardial infarction [14] . Higher CRP levels have been associated with poorer New York Heart Association (NYHA) functional class [15] and greater severity of HF [16] . In the Valsartan Heart Failure Trial (Val-HeFT), CRP was an independent predictor of mortality and morbidity in patients with established HF [16] . Whether the association of inflammation with HF is explained by either underlying CHD or left ventricular (LV) dysfunction is unknown.
A recent study demonstrated that increased CRP levels were associated with elevated LV end-diastolic pressure in patients undergoing coronary angiography [17] . This suggests that greater baseline LV filling pressure may contribute to the association of CRP with HF. We sought to examine the association between CRP, CHD, and HF in a prospective cohort of outpatients with established CHD. We hypothesized that CRP would predict HF independent of baseline CHD severity or interim MI, and that this association would be explained by elevated filling pressures.
Methods

Study population
The Heart and Soul Study is a prospective cohort study of psychosocial factors and health outcomes in patients who have stable coronary heart disease (CHD). Details regarding the study population and recruitment procedures have been previously described [18] . In summary, outpatients who had documented CHD were recruited from two Veterans Affairs medical centers (San Francisco VA Medical Center and the VA Palo Alto Health Care System, both in California), the University of California at San Francisco Medical Center, and nine public health clinics in the Community Health Network of San Francisco. Patients were eligible to participate if they had a history of either: myocardial infarction, angiographic evidence of ≥50% stenosis in one or more coronary arteries, evidence of exercise-induced ischaemia by treadmill or nuclear testing, or coronary revascularization. Patients were excluded if they were unable to walk one block or were planning to relocate within 3 years. All subjects gave informed consent and approval of the research protocol was granted by the appropriate institutional review boards.
Data collection
Between September 2000 and December 2002, 1024 subjects were enrolled and completed a day-long study appointment at the San Francisco VA Medical Center. Subjects completed a comprehensive health interview and questionnaire regarding past medical history and medication use. In addition, subjects were screened with a number of questions regarding depressive symptoms and health-related quality of life, the results of which have been reported in prior studies [18] [19] [20] [21] . A total of 39 participants without serum samples were excluded due to a lack of CRP measurements, leaving 985 participants for this prospective study.
Heart failure
Study participants (or their proxies) were contacted by telephone for interviews annually during an average of 3 years of follow-up (range 2 to 4 years) to inquire about CHD events, including hospital admissions for heart failure. For any reported event, medical records, electrocardiograms (ECGs), death certificates, and coroner's reports were retrieved and reviewed by two independent and blinded adjudicators. If the adjudicators agreed on the outcome classification, their classification was binding. If they disagreed, they conferred, reconsidered their classification, and requested consultation from a third blinded adjudicator as necessary.
HF was defined as hospitalisation for a clinical syndrome involving at least two of the following: paroxysmal nocturnal dyspnoea, orthopnoea, elevated jugular venous pressure, pulmonary rales, third heart sound, and either cardiomegaly or pulmonary oedema on chest radiography [22] . These clinical signs and symptoms must have represented a clear change from the normal clinical state of the patient, and must have been accompanied by either failing cardiac output as determined by peripheral hypoperfusion (in the absence of other causes such as sepsis or dehydration) or peripheral or pulmonary oedema requiring intravenous diuretics, inotropes, or vasodilators.
C-reactive protein
Details of the measurement of CRP have been previously described [23, 24] . Participants were instructed to fast for 12 h (except for medication, which they were to take with water), not to take aspirin for 1 week, and not to smoke for 5 h. Fasting venous blood samples were obtained, and serum was frozen at −70 °C until the time of the CRP assay. We used the Roche Integra high-sensitivity assay (Roche, Indianapolis, Indiana) to measure CRP levels in approximately 25% of participants and (due to a change at the laboratory) the Beckman Extended Range high-sensitivity CRP assay to measure CRP in the remaining 75% of participants. Results from these assays were highly correlated (r=0.99 in a sample of 185 participants).
Cardiac measurements
Transthoracic echocardiographic data were obtained in all study participants using an Acuson Sequoia ultrasound system (Mountain View, California) with a 3.5-MHz transducer. We obtained standard two-dimensional parasternal short-axis and apical 2-and 4-chamber views during held inspiration and performed planimetry with a computerized digitisation system to determine end-diastolic and end-systolic left ventricular volumes and left ventricular ejection fractions. Images were stored on magneto-optical disks and parameters of systolic and diastolic function were measured by an experienced echocardiographer blinded to the patients' clinical history, CRP measurements, and all other study data. LV mass index, LV end-systolic volume index, LV end-diastolic volume index, and left atrial volume index were calculated by dividing these measurements by body surface area (m 2 ). We used Doppler measurements of pulmonary venous and mitral valve inflow to assess diastolic function, which was categorized as normal (systolic dominant with 0.75<E/A<1.5), impaired relaxation (systolic dominant with E/A≤0.75), pseudonormal (diastolic dominant with 0.75<E/A<1.5) or restrictive (diastolic dominant with E/A≥1.5) according to previously described and validated criteria [22] . Of note, the vast majority of subjects were in sinus rhythm at the time of their visit (92%). A small percentage had atrial fibrillation or flutter (4%), or a paced rhythm (3%), which precluded an assessment of diastolic function.
To estimate the correlation between CRP and LV end-diastolic pressure, we attempted to measure the end-diastolic pulmonic regurgitation (EDPR) gradient in all subjects as described previously [25] . The EDPR gradient has been shown to correlate with pulmonary artery diastolic pressure, a surrogate of LV end-diastolic pressure [26, 27] . Of the 985 subjects, 577 had a measurable EDPR gradient.
All participants also underwent full exercise treadmill testing according to a standard Bruce protocol with continuous 12-lead ECG monitoring. Echocardiography was repeated immediately after exercise, and inducible ischaemia was defined as the presence of one or more new wall motion abnormalities at peak exercise [25, 28] .
Other characteristics
Self-reported age, gender, ethnicity, medical history, physical activity, and smoking status were determined by questionnaire. Participants were instructed to bring their medication bottles to the study appointment, and study personnel recorded all current medications. We measured weight and height, and calculated body mass index (kg/m 2 ). Levels of total cholesterol (mg/dL), high-density lipoprotein (HDL) cholesterol (mg/dL), low-density lipoprotein (LDL) cholesterol (mg/dL), and triglycerides were measured from sera after the overnight fast. We calculated creatinine clearance from 24-h urine collections.
Statistical analysis
All data were analyzed with the Statistical Analysis Systems version 8 software (SAS Institute, Cary, North Carolina). CRP levels were categorized as normal (CRP≤3 mg/L) or elevated (CRP>3 mg/L) based on clinical guidelines [29] [30] [31] . Differences in baseline characteristics and in echocardiographic parameters between subjects by CRP category were compared with 2-tailed Student's t tests for continuous variables that were normally distributed, Wilcoxon's tests for continuous variables that were not normally distributed, and chi-square tests for dichotomous variables.
To assess the association between CRP and hospitalisation for HF, proportional hazards models were used to calculate the adjusted hazard ratios (HR) and 95% confidence intervals (CI). Potential confounding variables, including traditional cardiovascular risk factors, measures of baseline CHD severity, 24-h urinary creatinine clearance, and use of preventive medications, were included in these models. Hazard ratios were further adjusted for the presence of inducible ischaemia on exercise stress echocardiography and for interim myocardial infarction during the follow-up period (model 2). Adjustment was then made for left ventricular (LV) mass index and resting LV ejection fraction (model 3). Finally, hazard ratios were adjusted for the presence of diastolic dysfunction, defined as impaired relaxation, pseudonormal or restrictive filling (model 4). In our multivariable analysis, additional testing was done to confirm goodness-of-fit and all covariates were tested for multicollinearity.
Since diastolic dysfunction appeared to influence the association of CRP and hospitalisation for HF, we performed additional univariate and multivariate logistic regression to explore the association of CRP and diastolic dysfunction. In our multivariate analysis, we adjusted for age and all variables in Tables 1 and 2 that were associated with CRP at p<0.05.
Results
Patient characteristics
The median value of baseline CRP in the study cohort of 985 patients (all of whom had underlying CHD) was 2.26 mg/L, which is higher than that measured in the general population [32] . Characteristics of the study population at baseline are shown in Table 1 , stratified by CRP group. The interquartile values (25-75% tile) for the normal CRP group were 0.46-1.92 mg/L, and for the high CRP group were 4.04-10.07 mg/L. Of the participating subjects, 390 (39.6%) had elevated CRP (greater than 3 mg/L). Compared with participants who had CRP levels ≤3 mg/L, those with elevated CRP were more likely to be female and smoke, and less likely to be physically active, have a history of revascularization, or be using aspirin or statins. Participants with elevated CRP also had higher body mass index, higher total and LDL cholesterol levels, lower HDL cholesterol, and lower creatinine clearance.
Echocardiography
Subjects with elevated CRP had significantly higher left ventricular mass, but there was no difference in mean LV ejection fraction or inducible ischaemia (Table 2) . Diastolic function was assessed in 89% of all subjects. Patients with elevated CRP were more likely to have diastolic dysfunction, based on an increased prevalence of impaired relaxation in the high CRP group. In the 577 patients with an identifiable pulmonic regurgitation jet, increases in CRP were associated with a stepwise increase in EDPR gradient ( Fig. 1 ; p value for trend <0.0001).
Association of CRP with diastolic dysfunction
On univariate logistic regression, CRP independently predicted diastolic dysfunction, which was defined as impaired relaxation, pseudonormal, or restrictive filling patterns on Doppler echocardiography (odds ratio 1.21, 95% CI 1.06-1.38, p=0.005 for each standard deviation increase in log CRP). On multivariate analysis, we found that CRP was still independently associated with diastolic dysfunction (Table 3 ). Even when we defined diastolic dysfunction as only pseudonormal and restrictive patterns, log CRP was still independently associated with diastolic dysfunction (odds ratio 1.36, 95% CI 1.08-1.73, p=0.01 for each standard deviation increase).
Association of CRP with heart failure
A total of 99 subjects (10%) were hospitalised for heart failure during the follow-up period. Of the 390 participants with elevated CRP levels, 15% (56/390) were hospitalised for HF, compared with 7% (43/595) of those with normal CRP [hazard ratio (HR) 2.3, 95% confidence interval (CI): 1.5-3.3, p<0.0001]. The association between elevated CRP and HF remained significant after adjusting for traditional cardiovascular risk factors (Table 4) . Further adjustment for both inducible ischaemia at baseline and subsequent myocardial infarction during the follow-up period did not eliminate this association, nor did adjustment for ejection fraction or LV mass index (models 2 and 3). However, the association between CRP and HF was no longer significant after adjustment for the presence of diastolic dysfunction (model 4a) or EDPR gradient (model 4b).
Discussion
In our cohort of elderly patients with coronary heart disease, elevated CRP at baseline was found to be a risk factor for incident heart failure, a finding similar to that reported in three recent studies [8] [9] [10] . The results of our study further indicate that CRP predicts hospitalisation for HF independent of traditional risk factors, baseline CHD severity (as assessed by stress echocardiography) and interim myocardial infarction. These findings suggest that the association between CRP and HF is not mediated by a greater degree of CHD. However, increasing levels of CRP were associated with increases in EDPR gradient, a surrogate of LV filling pressures, and adjustment for either diastolic dysfunction or EDPR markedly attenuated the association between CRP and HF. Finally, we found that CRP is independently associated with diastolic dysfunction. These findings imply that abnormal diastolic function and/or elevated filling pressures may explain the risk of HF associated with CRP.
The relationship of HF to elevated CRP levels was first reported decades ago [33] . Since then, several mechanisms have been postulated to explain the association between inflammatory markers and HF. Interleukin-6 (IL-6) is a powerful stimulus of CRP production in hepatocytes, and is produced by a number of cell types, including cardiomyocytes, in response to hypoxic stress [34] . Left ventricular dysfunction, low cardiac output, hypoperfusion and venous congestion have all been proposed as potential contributors to IL-6, and hence CRP, secretion. Indeed, IL-6 has been shown to be elevated in patients with asymptomatic systolic dysfunction [35] , and elevated IL-6 and CRP levels have been demonstrated to predict incident HF in an asymptomatic elderly population [10] .
The cytokine hypothesis of HF posits that the progression of HF is stimulated by the activation of inflammatory mediators and their resultant adverse effects on the cardiovascular system. It has been reported, for example, that proinflammatory markers such as tumour necrosis factor (TNF) alpha and IL-6 are activated in HF at an earlier stage (NYHA class II) than the classic neurohormones [36, 37] . Infusion of recombinant TNF-α and IL-6 cause myocardial dysfunction in canine [38] and rodent [39] models, suggesting that inflammation may play a causal role in the pathogenesis of HF as well. Curiously, therapies targeted toward inhibiting cytokines have failed to improve the clinical course of patients with chronic HF [40, 41] .
In our study, elevated filling pressures at least partly explained the increased risk of heart failure associated with elevated CRP. These findings extend those of a study demonstrating that CRP was associated with left ventricular dysfunction in 98 patients undergoing cardiac catheterization. In those patients, CRP was closely associated with left ventricular enddiastolic pressure [17] . In a recent study of outpatients with HF and systolic dysfunction, elevated CRP levels correlated with more advanced NYHA class and a poorer prognosis, but not with the LV ejection fraction [42] . Another study identified CRP as an independent predictor of mortality and rehospitalisation in 214 patients treated for acute HF [43] . In this study, it was noted that increases in CRP were most prominent in patients with HF and preserved ejection fraction. The results of these studies concur with our finding that elevated CRP was associated with diastolic dysfunction but not with the degree of systolic dysfunction. Of note, prior studies on CRP in both acute and chronic HF have not shown a correlation between CRP and ejection fraction [12, 14, 15] .
Elevated LV filling pressures have been recognized as an important treatment target in patients with acute HF, as they predict an increased risk of fatal decompensation and sudden death [44] . Our finding that the association of CRP with incident HF appears to be explained by abnormal diastolic function and increased LV filling pressure, underscores the importance of elevated LV filling pressures as a potential treatment target in patients at risk for HF, such as outpatients with CHD. Regardless of the precise sequence of events by which inflammation and increased filling pressures contribute to HF, CRP appears to identify a group of CHD patients with an increased risk of developing HF and therefore a group likely to benefit from interventions to prevent or delay its onset.
Our study has several limitations. First, as with any observational study, the association of CRP with diastolic dysfunction and heart failure does not infer a causal relationship. Our multivariate analyses sought to minimize the possibility of confounding by taking several known cardiovascular risk factors into account. For example, though body mass index was higher on average in the elevated CRP group, it was not shown to be an independent predictor of diastolic dysfunction, nor did it alter the relationship between CRP and HF in our study.
CRP is a nonspecific marker of systemic inflammation, and we cannot exclude the possibility that the role of inflammation in HF is an epiphenomenon or a byproduct of more biologically relevant pathologic processes. Also, as CRP is an acute phase reactant, it often becomes difficult to interpret in study participants with concurrent infection, such as pneumonia.
Finally, our participants were mostly men, so our results may not generalize to other populations. Notably, epidemiological studies have shown that women are at higher risk of developing HF in the setting of pressure overload states, such as hypertension and aortic stenosis. Although it appears that age-related changes in systolic and diastolic function in these women are more pronounced on echocardiography [45] , gender was not independently associated with diastolic dysfunction in our study. It is possible, however, that women with diastolic dysfunction due to CHD represent a distinct phenotype from hypertensive women, and that they are in fact similar to their male counterparts. Indeed, adjusting for gender did not significantly change the association between CRP and HF hospitalisation in our study.
Conclusions
In summary, elevated CRP levels are a risk factor for future hospitalisation for heart failure in outpatients with stable CHD. This association is independent of concurrent CHD severity, and appears to be at least partly explained by abnormal diastolic function and increased filling pressures. Further studies on the potential role of elevated filling pressure and diastolic dysfunction in triggering systemic inflammation are warranted.
Abbreviations
CHD
coronary heart disease CRP high-sensitivity C-reactive protein End-diastolic pulmonic regurgitation gradient by quintile of CRP. *p<0.0001 for the trend. EDPR = end-diastolic pulmonic regurgitation; CRP = high-sensitivity C-reactive protein. a Per standard deviation increase in high-sensitivity C-reactive protein.
b Per decade increase in age.
c Per 10% decrease in ejection fraction. Model 4a: adjusted for Model 3 variables plus diastolic dysfunction (defined as impaired relaxation, pseudonormal or restrictive filling on echocardiography).
Model 4b: adjusted for Model 3 variables plus end-diastolic pulmonic regurgitation gradient.
